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Packing a pinch: functional implications of chela
shapes in scorpions using finite element analysis
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Abstract

Scorpions depend on their pedipalps for prey capture, defense, mating and sensing their environment. Some
species additionally use their pedipalps for burrowing or climbing. Because the pincers or chelae at the end of
the pedipalps vary widely in shape, they have been used as part of a suite of characters to delimit ecomorpho-
types. We here evaluate the influence of the different chela cuticular shapes on their performance under natu-
ral loading conditions. Chelae of 20 species, representing seven families and spanning most of the range of
chela morphologies, were assigned to clusters based on chela shape parameters using hierarchical cluster analy-
sis. Several clusters were identified corresponding approximately to described scorpion ecomorphotypes. Finite
element models of the chela cuticulae were constructed from CT scans and loaded with estimated pinch forces
based on in vivo force measurements. Chela shape clusters differed significantly in mean Von Mises stress and
strain energy. Normalized FEA showed that chela shape significantly influenced Von Mises stress and strain
energy in the chela cuticula, with Von Mises stress varying up to an order of magnitude and strain energy up
to two orders of magnitude. More elongate, high-aspect ratio chela forms showed significantly higher mean
stress compared with more robust low-aspect ratio forms. This suggests that elongate chelae are at a higher risk
of failure when operating near the maximum pinch force. Phylogenetic independent contrasts (PIC) were calcu-
lated based on a partly resolved phylogram with branch lengths based on an alignment of the 12S, 16S and
CO1 mitochondrial genes. PIC showed that cuticular stress and strain in the chela were correlated with several
shape parameters, such as aspect ratio, movable finger length, and chela height, independently of phylogenetic
history. Our results indicate that slender chela morphologies may be less suitable for high-force functions such
as burrowing and defense. Further implications of these findings for the ecology and evolution of the different
chela morphologies are discussed.
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cers’), and the metasoma (the ‘tail’), carrying the venomous
telson (the ‘stinger’). All these structures are used in prey
subjugation and defense. The pedipalps are additionally

Introduction

Scorpions are a large and ancient group of chelicerates with

close to 2000 described species (Fet et al. 2000) that have
successfully adapted to a diversity of habitats on all conti-
nents except Antarctica. Despite occurring in a wide variety
of habitats, scorpions have changed little in overall body
plan since the Silurian (Dunlop et al. 2008). Their most nota-
ble features are the pedipalps, carrying the chelae (the ‘pin-
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used in mating, climbing and digging, and serve as a sen-
sory array similar to the antennae of insects and crustaceans
(Alexander, 1959; Fet et al. 2003).

The chelae are formed by the last two segments of the
pedipalps; the manus or tibia, which contains the muscles
and also forms the immovable finger, and the movable
finger or tarsus. The movable finger is adducted by three
muscle bundles in the chela manus (Gilai & Parnas, 1970). In
addition, there is also a small closing muscle in the next seg-
ment (patella), which is connected to the movable finger by
a long ligament (Snodgrass, 1952; Gilai & Parnas, 1970). The
movable finger is abducted by the elastic recoil of resilin in
the joint (Govindarajan & Rajulu, 1974; Sensenig & Shultz,
2004), opening the chela. The movable finger rotates
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around an axis defined by two joints, located on the
median and lateral sides of the chela.

Despite conservancy in their ecological role as mostly
terrestrial predators, scorpions have been known to have
specific adaptations to certain environments. Several eco-
morphotypes were recognized based on a qualitative
review of the local scorpion faunas of sub-Saharan Africa
(Lamoral, 1979) and North America (Polis, 1990). In these
studies, the shape of the chelae is considered an important
character in the delimitation of five putative ecomorpho-
types. Robust chelae with a high muscle-filled manus and
relatively shorter fingers that are reminiscent of chelae in
durophagous crabs are ascribed to digging (fossorial) spe-
cies. Sand-dwelling (psammophilous) species have more
elongate chelae with long fingers. Species that hide in or
under rocks (saxicoline) or bark (corticoline) have dorso-
ventrally compressed bodies and appendages including
the chelae, to facilitate living in narrow spaces (Newlands,
1972). Actively foraging scorpions with slender bodies and
appendages are sometimes considered an additional
ecomorphotype, the errant ecomorphotype (Polis, 1990).
Chelae of the errant ecomorphotype are similar to the
chelae in psammophilous species. These different puta-
tive ecomorphotypes have never been quantitatively
corroborated.

The described different morphologies change the func-
tional properties of the chelae. The volume of the manus is
largely determined by the amount of muscle in that seg-
ment, which partly determines the force a scorpion can pro-
duce with its chelae. As in durophagous crabs (Yamada &
Boulding, 1998), the height of the manus relative to the
length of the chela is therefore indicative of pinch force
(Van der Meijden et al. 2010). The pinch force of a scorpion
is further determined by the lever system that transfers the
force from the muscles to the tips of the fingers of the
chelae. The mechanical advantage of this lever system is very
variable in scorpions. As the out-lever (the external part of
the movable finger) of a first class lever system gets longer
relative to the in-lever (the internal part of the movable fin-
ger, to which the muscles attach), the mechanical advan-
tage of the lever system may increase speed at the cost of
force (but see McHenry, 2011). Longer fingers may thus give
the scorpion an advantage to catch elusive insect prey by
increased closing speed or gape size. Since this arrange-
ment makes the chelae relatively inefficient in producing
high forces, such long-fingered chelae are feeble weapons
to fend of predators. The robust chelae of fossorial species
allow for more muscle to be packed into the chela and for
a longer in-lever inside the chela manus, thus improving
the mechanical advantage for force production. Newlands
(1969, 1972) suggested that the large chelae may also be
used in blocking the burrow, to keep out predators. Other
authors have noted that scorpions with robust chelae use
their sting less in prey incapacitation than scorpions
with more slender chelae (Stahnke, 1966; McCormick &

Polis, 1990), which suggests a trade-off between the chelae
and the stinger in prey incapacitation. Although morpho-
logical characters of the chela are important in taxonomic
studies, the functional implications of shape to the perfor-
mance of the chela have received little attention. Knowl-
edge on the functional consequences of different chela
shapes, however, is crucial to understand their adaptive
value and to identify functional demands during scorpion
evolution. This report is the first evaluation of the func-
tional implications of the shape of the chela cuticula in
scorpions. We use 3-dimensional finite element models to
estimate the stresses that the chela cuticula of different
chela morphologies experience under biologically realistic
force production.

Materials and methods

Species selection

A total of 20 species (Table 1) were selected from seven families
to represent the range of chela morphology found in extant
scorpions. Animals were selected based on availability through
field collecting or the pet trade.

Morphological measurements

Morphological measurements were taken using digital calipers.
Several preserved specimens were measured per species and
average chela measurements were calculated. However, for
some species only a single specimen was available. Morpho-
logical data are shown in Table 1. In addition to linear mea-
surements, the curvature of the movable finger was
determined using a custom watLAB script (available from the
corresponding author upon request). The ventral view of the
chela movable finger was used to fit a circle to the inside
and outside curve of the movable finger. The average radius
of these two circles was then divided by the length of the
movable finger to attain a size-independent metric of curva-
ture. In addition the angle between the axis of rotation of
the movable finger to the line connecting the tip of the
movable finger to the center of the axis of rotation was cal-
culated (x in Fig. 1C). The angle between the in-lever and
out-lever of the movable finger was calculated as the angle
between the plane defined by the fingertip (T), the median
joint (MJ) and lateral joint (LJ), and the plane defined by the
insertion point of the muscles (Ml), the median joint (MJ) and
lateral joint (LJ) (see Fig. 1A).

To group similarly shaped chelae, we performed a clustering
analysis on normalized linear measurements of the chela. Manus
height, manus width and length of movable finger were nor-
malized by division with total chela length. These normalized
data were used to identify clusters of similarly shaped chelae.
Clustering analysis was performed in r (R Development Core
Team). The data were clustered hierarchically using the Ward
method based on Euclidian distance between species. Clusters in
the data were also identified using the k-clustering method,
with the variable k (number of clusters) being identified
through the expectation maximization algorithm as imple-
mented in the r package mctust.

© 2012 The Authors
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Fig. 1 (A) Linear measurements on the chela Length (L), Height (H),
movable finger length (T-LJ). (B,C) Measurements on chela movable
finger, exemplified on the movable finger of Pandinus cavimanus. (B)
Side view of a transparent wireframe mesh. (C) Dorsal view, solid
wireframe mesh. (D) Dorsal view showing angle (x) between center of
joint axis (LJ-MJ) and finger tip (T). LJ, lateral joint; MJ, medial joint;
MI, muscle insertion; T, tip. The line LI-MJ is the axis of rotation for
the movable finger.

Pinch force measurement and estimation

Live animals were maintained as described in Van der Meijden
et al. (2010). In vivo pinch forces were measured using either a
Kistler force transducer (type 9203; Kistler Inc., Switzerland)
mounted on a purpose-built holder (see Herrel et al. 1999) or
a similar setup with a Sauter FH20 external force sensor
(Sauter Ltd., Germany). Measurements were made in a climate-
controlled room at 23-24 °C. During pinch force measurements,
scorpions were restrained between sponge pads in which a
cutout was made to accommodate the body, or by placing a
padded clamp over the last segments of the metasoma to allow
safe handling. Most specimens pinched readily, but some were

stimulated to pinch by stroking the inside of the chela with the
tip of a pair of tweezers. Five trials were performed, separated
by at least 1 day. Only the maximum force per chela was used
for further analyses.

Live specimens were not available for all species included in
this study to measure pinch forces. Further, some species were
too small for accurate measurements using parallel plates. For
species for which in vivo pinch forces were not available, we
estimated pinch forces based on the aspect ratios of the chelae.
Chela aspect ratio was previously demonstrated to be a good
predictor of pinch forces (R?=0.90; Van der Meijden et al.
2010). We further expanded the dataset from Van der Meijden
et al. (2010) to comprise 170 specimens from 20 species, repre-
senting four families (Buthidae, luridae, Liochelidae, Scorpioni-
dae; data to be published elsewhere). The maximum pinch
forces were logqo-transformed, and standardized for the size of
the animal by regression of the forces against log;o-transformed
prosoma length. Body mass or total length cannot be used as a
proxy for overall size in scorpions, as both can change signifi-
cantly depending on feeding state. The residuals were then
regressed against the aspect ratio of the chela (length/height).
Pinch force was predicted based on a line function that was fit
to the data using least squares (R? = 0.54, Pearson’s correlation
coefficient —0.73). The resulting predicted maximum pinch
forces are shown in Table 1.

Specimen scanning and model reconstruction

We CT-scanned the chelae of the specimens with a Skyscan 1076
micro CT scanner from the Small Animal Tomographic Analysis
Facility at the Seattle Children’s Research Institute in Seattle,
WA, USA. The specimens were scanned at a source voltage of
31 kV and a source currency of 187 pA at 35 um resolution. The
raw X-ray images that were recorded during CT imaging were
then converted with the software tool nrecon (Skyscan) into a
volumetric dataset that consisted of a stack of TIFF image files.

The volumetric dataset was imported into the 3D visualization
software amira 5.3.3 (Visage Imaging). In amira, we used the
Labels function to separate the cuticles of the scorpion chelae
from the remainder structures that were visible in the CT data-
set. We further separated the cuticle of the manus from the
cuticle of the movable finger and saved them as two separate
materials in the Labels dataset that is generated during segmen-
tation in amirA. Based on the materials in the Labels dataset, we
calculated polygonal surfaces for the manus and the movable
finger with amira. The resulting surfaces were then edited in the
Surface Editor Mode of amira to distribute the polygons equally
over the surface, reduce the total number of polygons, and fix
occurring intersections between polygons that were in close
proximity to each other. For each specimen, we measured the
surface area and the volume with amira. We then converted the
polygonal surfaces to solid models that were built from tetrahe-
dral elements, i.e. the elements were defined by four nodes.
The number of elements ranged from 20 000 to 2.4 million
depending on the size of the specimen (Table 2).

Finite element analysis

The solid models for the manus and the finger of each specimen
were imported as IDEAS files into the finite element modeling
and analyzing software marc mentat 2005 R3 (wmsc software).

© 2012 The Authors
Journal of Anatomy © 2012 Anatomical Society
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Because the gapes between manus and finger in different speci-
mens differed, we had to manually adjust the gape angles in
MARC MENTAT. For this, we oriented the models to align the axis
that connects the centers of the two joints between manus and
finger with the origin of the coordinate system in MARC MENTAT.
This allowed us to rotate the manus and the finger indepen-
dently without dislocation at the joint and to set the gape
angle at 15° for each specimen. For a more realistic estimate on
the reaction forces that act on the joint between manus and
finger under load, we declared elements of the manus and of
the finger to be on two different Contact Bodies and we
assigned the nodes in the joint area as Contact Areas. Within
Contact Areas, MARC MENTAT treats elements that are closer to
each other than a defined threshold value (1/20 of the size of
the smallest element) as contacting elements. For the finite ele-
ment analysis, the contact between finger and manus was trea-
ted as two-sided (i.e. the finger contacts the manus and vice
versa) and we used the Optimized Contact Constraints option to
avoid penetration between finger and manus.

We treated the cuticle of the chelae as isotropic material with
a Young’s modulus of 7 GPa and a Poisson’s ratio of 0.3. Young's
moduli of arthropod cuticle have been reported to cover a wide
range from 0.1 to 20 GPa (Vincent & Wegst, 2004). Although the
value for the Young’s modulus of 7 GPa that we have chosen is
only a estimate based on the assumption that scorpion chelae
have a rather hard cuticle and absolute output values are biased
by this estimate, finite element modeling provides a powerful
tool for comparisons between species, even if the exact material
attributes are not available (Dumont et al. 2009).

We applied the following constraints (in mMArc MENTAT Boundary
Conditions) to the models: (i) all nodes in the areas of muscle
attachment on the manus and the finger were fixed to prevent
translation or rotation for each degree of freedom; (ii) bite
force was distributed over four nodes on each, the finger and
the manus, and modeled as point loads. We ran two separate
analyses for each specimen. For the first constraint (I) we used
the measured and predicted force values in Table 1 as bite force
(absolute approach with unscaled results). For the second (ii) we
calculated the force per surface area ratios for each specimen
and applied bite forces that were scaled to fit the smallest force
per surface area ratio in our specimen sample (comparative
approach with scaled results).

We used three different measures to quantify the biting per-
formance of scorpion chelae with finite element analysis: (i)
maximum Von Mises stress; (ii) mean Von Mises stress, and (iii)
total strain energy. Von Mises stress is used as a measure of
how close a material is to failure. Areas in the chelae with
higher Von Mises stresses are closer to failure than areas that
experience lower Von Mises stresses. However, maximum Von
Mises stresses can be hard to interpret in finite element models
because the constrained areas (i.e. the applied point loads and
fixed nodes) tend to show artificially high Von Mises stresses
(Dumont et al. 2009). Mean Von Mises stress is supposed to be a
more reliable measure of overall performance based on the
assumption that chelae shapes that perform better under load
will show lower Von Mises stresses over each node compared
with shapes that perform poorly. Total strain energy reflects the
amount of work that is used for deformation of the shapes,
rather than for biting. It is assumed that scorpions that perform
better during biting exhibit lower total strain energies, i.e. their
chelae deform less under load. Von Mises stress and total strain
energy are standard outputs of MARC MENTAT.

Because in the comparative approach, all models had identical
force to surface area ratios, Von Mises stresses were directly com-
parable between species (Dumont et al. 2009). However, total
strain energy scales with the volume of the models instead of the
surface area. To make the calculated values for total strain energy
directly comparable between species, we calculated an energy
scaling factor that was based on the specimen with the lowest
force per sixth root of the volume ratio. Volume corrected total
strain energies were then calculated by multiplication of the
square of the energy scaling factor with the raw total strain
energies. A detailed derivation of the equations to scale finite
element models was provided by Dumont et al. (2009).

The numbers of elements for each specimen varied consider-
ably despite similar edge lengths of the elements (Table 2). This
was caused by the different sizes of the specimens. To estimate
the effect of mesh-size on the performance parameters evalu-
ated herein, we re-meshed the finite element model of the
specimen with the least amount of elements (Orthochirus inne-
si), to generate models with eight and 64 times the number of
the original elements, respectively (Supporting Information
Table S1). Finite element analysis with the re-meshed datasets
showed only slight variations in mean Von Mises stress and total
strain energy that are negligible compared with the interspecific
variation. This indicates that mean Von Mises stress and total
strain energy can be used for comparisons among datasets that
consist of different amounts of elements; maximum Von Mises
stress increases in the re-meshed models, which is likely to be
caused by an increased localization of point loads.

Phylogenetic analysis and independent contrasts

Total DNA was extracted from fresh or preserved (96% ethanol)
muscle tissue using standard high-salt protocols (Bruford et al.
1992). A fragment of the mitochondrial cytochrome C oxidase,
subunit | (COl) gene was amplified by PCR using primers
LCO1490 and HCO2198 (Folmer et al. 1994) or primers in the
same locus based on an alignment of COT sequences available
in GenBank as of 4-2011. The sequence of these primers was:
forward (5-WTYCTACIAATCAYAARGATATTGG-3’) and reverse
(5-TAMACYTCIGGGTGWCCAAAAAAYCA-3'). A fragment of the
mitochondrial 76S rDNA gene was amplified using the primers
LR-J-12887 (Simon et al. 1994) as forward primer, and a scor-
pion-specific reverse primer (Gantenbein et al. 2000). 72S prim-
ers were designed based on available 725 sequences in
GenBank: forward primer 12S_F_AvdM (5'-AGAG-TGACGGGCAA-
TATGTG-3)' and reverse primer 12s_r_AvdM (5-CAGCGGCTGC-
GGTTATAC-3').

Purified PCR templates were sequenced using dye-labeled di-
deoxy terminator cycle sequencing on an ABI 3130 automated
DNA sequencer or on an ABI 3730XL at Macrogen Inc. using the
corresponding PCR primers. Chromatograms were checked and
when necessary corrected using FINcHTY, version 1.4.0 (Geospiza,
Inc., USA; http://www.geospiza.com). The obtained DNA
sequences were aligned using MEGA 5 (Tamura et al. 2011). The
coding sequence of CO7 was aligned based on the translated
amino acid sequence, and 725 and 76S rRNA sequences were
aligned using Muscle (Edgar, 2004) as incorporated into MEGA 5
using the default settings.

Two methods of phylogenetic analysis, maximum likelihood
(ML) and Bayesian inference (Bl), were conducted using pHymL,
version 3.0.1 (Guindon & Gascuel, 2003) and wmrsaves 3.1.2
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(Ronquist & Huelsenbeck, 2003), respectively. The best fit mod-
els of nucleotide evolution were determined under the Akaike
information criterion in mopeLtest 0.1.1 (Posada, 2008). Nodal
support for the topologies recovered in the ML analyses was
obtained with 1000 bootstrap replicates. The Bl analyses were
run with 5 000 000 generations, sampling trees every 10th gen-
eration (and calculating a consensus tree after omitting the first
125 000 trees). Log likelihood scores for the remaining trees
were graphed in Tracer 1.5 (http://beast.bio.ed.ac.uk/Tracer) and
checked for appropriateness of the burnin-period.

Phylogenetic analysis of our molecular dataset did not contra-
dict the current taxonomic relationships. Since phylogenetic
reconstruction based on the combined alignment did not
resolve all interfamilial relationships; for further analysis, the
relationships between family level clades were changed to a star
topology (by setting those branch lengths to zero). We grouped
members of the same family together based on the taxonomy
provided by Prendini & Wheeler (2005). Since our phylogenetic
reconstruction of the relationships within the family Buthidae
were well resolved and received high bootstrap support, we did
not make any changes within the Buthidae. The full alignment
was then used to produce a ML estimate (GTR+I+G) of the
branch lengths with MEGA 5. The resulting phylogram was used
to calculate phylogenetic independent contrasts of chela shape
measurements and performance parameters using Phylocom
(Webb et al. 2008). To control for an effect of the lack of sup-
port for interfamilial relationships, we also performed an inde-
pendent contrast analysis on only the representatives of the
Buthidae family, for which our molecular data provided good
support.

Results

Clustering analysis

The expectation maximization algorithm found eight clus-
ters with two or three species per cluster in the normalized
linear chela measurements, showing significant structure in
the dataset. All data clustering results are shown in Fig. 2.
The chela shape data divide the dataset in two equal sized
clusters, named cluster a and b. These clusters are further
subdivided, and five of the subclusters were named a1-a3
and b1-b2. These clusters were not those selected using the
expectation maximization algorithm (which selected eight
smaller clusters), but more inclusive clusters were chosen as
the authors believe them to better correspond with
described ecomorphological types of chela morphology.
Mann-Whitney tests were conducted to test differences in
morphological and performance-related traits between all
named clusters. The results of these tests can be found in
Table 3. Of the normalized chela measurements that were
used to define the clusters, only chela width did not signifi-
cantly differ between the major clusters a and b. Subcluster
b2, corresponding roughly with Lamoral’s (1979) infrasaxic-
olous, lithosaxicolous and infracorticolous types, differed
significantly from all other subclusters in chela height and
movable finger length. There was no statistical difference
between any of the clusters in chela length relative to the
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Orthochirus sp. (B)
4@ Leiurus quinquestriatus (B) al
Hottentotta gentili (B)
a Hoffmannius sp. (V)

Grosphus flavopiceus (B)
Androctonus amoreuxi (B) a2
Parabuthus transvaalicus (B)

Hadrurus arizonensis (1)

Androctonus australis (B) a3

lurus dufoureius (1)

Opistophthalmus boehmi (S)
Chactas sp. (C)
Pandinus cavimanus (S)
Scorpio fuliginosus (S)

Liocheles australasiae (L)
Hadogenes paucidens (L)
Bothriurus chilensis (Bo)
Caraboctonus keyserlingi (1)

Opisthacanthus madagascariensis (L)
Euscorpius flavicaudis (E)

b1

THTTCC TR

Fig. 2 Hierarchical clustering of chela shapes based on movable finger
length, manus width and height, normalized for chela length. Cluster
a contains the more elongate chela morphologies, cluster b contains
the more robust chelae. Clusters a1, a2 and a3 have progressively
smaller aspect ratios. Cluster b1 contains short strong chelae, whereas
cluster b2 contains more flattened morphologies, typical of species
that live in rock crevices and under bark.

length of the prosoma (the latter being a good indicator of
overall size).

Finite element analysis

Absolute approach

Under realistic loading conditions (i.e. the applied point
loads corresponded to either actually measured in vivo bite
forces or bite force estimates based on chela aspect ratio)
maximum Von Mises stress, mean Von Mises stress, and
total strain energy differed between species by several
orders of magnitude (Table 1). This is in part accounted
for by the different sizes of the specimens. Maximum
Von Mises stress was highest in Hadogenes paucidens
(7.32e8 Pa) and lowest in Liocheles australasiae (3.76e7 Pa).
Mean Von Mises stress varied between 2.89e6 Pa in Scorpio
and 3.64e7 Pa in Hadrurus arizonensis. Total strain energy
was lowest in the very small Orthochirus (7.62e—6 J) and
highest in the largest specimen included in this study,
Pandinus cavimanus (1.25e-2 J).

Comparative approach

Scaling of the models based on surface area (for Von Mises
stress) and volume (for total strain energy) allowed us to
remove the effects of the size of the specimens from the
analysis and to reveal the impacts of the different shapes
on the performance. In our sample, the short-fingered
species Scorpio fuliginosus and Ophistacanthus madaga-
scariensis showed the least overall deformation under load,
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Table 3 Mann-Whitney tests of statistical difference between named
clusters of morphological and performance parameters. P-values
higher than 0.05 are shown in grey.

Chela width
a b al a2 a3 b1 b2
£ a 0.052
2 b 1.1e-05
"C“ al 0.057 0.057 0.029 0.067
T a2 0.057 0.700 0.057 0.714
YU oa3 0.057 0.100 0.057 0.905
b1 0.029 0.057 0.057 0.114
b2 0.010 0.024 0.024 0.010
Movable finger length
a b al a2 a3 b1 b2
g a 2.06e-04
g b 4.3e-05
g al 0.114 0.629 0.057 0.010
® a2 0.114 0.700 0.400 0.024
‘_3 a3 0.114 0.400 0.114 0.024
T b1 0.029 0.057 0.057 0.019
§ b2 0.010 0.024 0.095 0.352
=
a b al a2 a3 b1 b2
2 a
*2 b 1.30e-04
= al
% a2 0.400
S a3 0.057 0.700
_‘é b1 0.029 0.050 0.108
O b2 0.010 0.048 0.095 0.109
% Chela aspect ratio
<
a b al a2 a3 b1 b2
o a 1.30e-04
% b 0218
EJ al 0.200 0.100 0.057 0.024
% a2 1.000 0.200 0.057 0.048
S a3 0.400 0.700 0.057 0.167
2 b1 0.686 0.400 0.114 0.067
& b2 0.914 0.714 0.381 0.352
& Strain energy (corrected)
a b al a2 a3 b1 b2
w a 4.3e-05
L b 87e05
o al 0.057 0.057 0.029 0.010
-g a2 1.000 1.000 0.057 0.024
E a3 0.857 0.268 0.057 0.095
g b1 0.686 1.000 0.629 0.067
b2 0.762 0.714 0.905 0.610

expressed in the lowest values for total strain energy. Con-
versely, species with elongated fingers such as Hoffmannius
sp. and Leiurus quinquestriatus showed the most pro-
nounced deformations of the chelae. The same pattern also
emerged for mean Von Mises stress; L. quinquestriatus
encountered the highest mean Von Mises stresses and
Scorpio the lowest values. Maximum Von Mises stress was
highest in Hadogenes paucidens and lowest in Hoffman-
nius. However, this is most likely caused by the presence of
artificially high point loads in some of our models and the
pattern of highest stresses in H. paucidens; the lowest stres-
ses in Hoffmannius are not reflected by the plots of Von
Mises stress over the 3D surfaces (Fig. 3).

The fingers of the chela act under load like a beam, i.e.
they experience tensile stress along the edge where the
load is applied and stress by compression along the edge
opposite the load; between the compressed and tensioned
edges lies a neutral axis with low stresses (Fig. 3). In species
with slender, elongated fingers, the stresses on the movable
part are similar to the counteracting fixed finger. In species
with short chelae (e.g. Scorpio, Pandinus cavimanus), the
roughly triangular shape of the fixed finger in lateral view
tends to reduce the stress by compression on the edge
opposite to the load. This results in an asymmetric stress dis-
tribution with higher stresses in the movable finger than in
the fixed finger. The major clades a and b differed signifi-
cantly in mean Von Mises stress and (size corrected) strain
energy. As the Mann-Whitney test is based on ranking of
the values, small datasets, such as the subclusters in this
study, can be ordered in a limited number of ways. This
leads to a tendency to converge on a small number of P-val-
ues, which accounts for the recurring value of some of the
P-values in Table 3. In addition, we also tested for differ-
ences in the angle between the in-lever and the out-lever
of the movable finger between the clusters, but found no
statistically significant differences.

Phylogenetic analysis and independent contrasts

The total aligned dataset consisted of 1534 positions for 20
species. Bootstrap support was high within the Buthidae,
but interfamilial relationships could not be recovered with
high support (not shown). Branch lengths were therefore
calculated starting with a phylogeny with a polytomy unit-
ing all family level clades (Fig. 4).

The phylogenetic independent contrasts (Table 4) show
that both mean Von Mises stress and strain energy correlate
highly with several aspects of chela morphology, including
size-corrected height, width, out-lever length, aspect ratio,
mechanical advantage, and the ratio of the length of the
movable finger to the distance between the joints. This cor-
responds with the observation from the clustering analysis
that more elongate chelae experience higher stresses in the
cuticula. Noteworthy is that the angle that the main axis of
the movable finger makes with its axis of rotation is posi-
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Cluster a
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lurus dufoureius (1)

Cluster b

b1
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Bothriurus chilensis (Bo)
Chactas sp. (Ch)

Caraboctonus keyserlingi (1)

Opistophthalmus boehmi (S)

Euscorpius flavicaudis (E)

\

Pandinus cavimanus (S) Opisthacanthus madagascariensis (L)

Hadogenes paucidens (L)

Scorpio fuliginosus (S) Liocheles australasiae (L)

Fig. 3 FEA models with calculated Von Mises stress visualized as colors. Despite producing much less force, chelae with a high aspect ratio and
long fingers (cluster a), experience much higher stresses than the more robust chelae of cluster b. High deformation can be seen in Leiurus
quinquestriatus. High stresses indicate a risk of breakage, and the long-fingered chelae of cluster a are therefore at more at risk of breaking their

fingers when exerting their maximum force.

tively correlated with the length of the movable finger
(‘out-lever’ in Table 4), approaching a 90° angle for rela-
tively longer fingers such as those of Orthochirus, Hottent-
otta and Parabuthus. Less surprising is that AR is highly
correlated with the mechanical advantage of the chela.
Neither mean Von Mises stress or strain energy correlated
significantly with the angle between the in- and out-levers,
the angle the out-lever makes with the axis of rotation, or
the curvature of the finger. This may indicate that these
variables are independent of the performance of the chela
in resisting stresses during pinching and may be relevant for
another function. The PIC analysis of the Buthidae only also
showed high correlation coefficients for mean Von Mises
stress and strain energy with aspect ratio, mechanical
advantage, and the ratio of finger length to the distance
between joints EJ-MJ (0.79, 0.88, 0.91, respectively, for both
Von Mises stress and strain energy).

Discussion
To provide a basis for comparing the FEA results for simi-

larly shaped chelae, we carried out a cluster analysis. In the
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hierarchical cluster analysis, we identified clusters which cor-
responded in part with previously described ecomorpho-
types. The major clusters differed significantly in stress and
bending energy, with the more elongate chela forms expe-
riencing much higher stresses and deformations (for which
bending energy is a metric). Phylogenetic independent
contrasts also show that stress and deformation parameters
correlate highly with chela shape parameters. Despite the
lack of a fully resolved molecular phylogeny for the taxa in
this study, the PIC analysis strongly indicates that chela
shape and performance are correlated independently of
phylogenetic history.

The clustering analysis revealed a significant structure in
the limited number of normalized measurements used.
Although the expectation maximization algorithm found
up to eight clusters in the data, we chose a more conserva-
tive number of five clusters from the hierarchical cluster
analysis. Several of the clusters roughly corresponded to
ecomorphotypes qualitatively described in the literature
(Newlands, 1972; Lamoral, 1979; Polis, 1990), although
those ecomorphotypes are based on the whole body form,
not merely the chelae. The elongate chelae in cluster a,
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Pandinus cavimanus (S)
Scorpio fuliginosus (S)
Opistophthalmus boehmi (S)
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Fig. 4 Linearized tree with branch lengths based on 12S, 16S and
CO1 sequences. Phylogenetic independent contrast calculations
(Table 4) were based on this phylogram.

particularly those in cluster a1, correspond to the psammo-
phylous ecomorphotype of Polis (1990). The taxa in this clus-
ter are all desert-dwelling scorpions, although Hottentotta

except for the Mediterranean lurus and the Malagasy
Grosphus. The species of clusters a2 and a3 are to a lesser
extent psammophilous and/or vagrant. Cluster a consists
mostly of species from the family Buthidae, with the
exception of Jurus, Hadrurus and Hoffmannius. Since
the Buthidae is the most basal family included in this study,
we cannot conclude that these other taxa have evolved this
chela morphotype independently or merely maintained the
basal condition.

Cluster b contains at least two distinct ecomorphotypes:
the fossorial type (b1) and the infrasaxicolous and cortico-
lous types (b2). The infrasaxicolous and corticolous types in
cluster 2b have relatively shorter movable fingers. This may
be due to the dorso-ventral flattening that enables these
species to live in the tight spaces between rocks, in rock
cracks and under bark. A dorso-ventral flattening of the
chela would reduce the space available for muscle dorsally
in the plane of the rotation of the movable finger. The bulk
of the muscle is therefore placed more proximally, toward
the base of the manus. The muscle-filled part of the manus
is relatively longer, conversely making the relative length of
the movable finger shorter. The dorso-ventral restriction
also reduces the possible length of the in-lever of the mova-
ble finger, which may explain the difference (P = 0.035;
Table 3) in the mechanical advantage between cluster b1
and b2. The fossorial species in cluster b1 are not limited
dorso-ventrally and have the highest chelae, with a
mechanical advantage favoring high forces. Although such
a lever system would reduce closing speed if muscle fibers

were to contract at a constant rate (Arnold et al. 2011), this
may not make these scorpions slower in closing their chelae.

gentili tends to favor oases (Sousa et al. 2011). Clusters a2
and a3 also contain mostly species inhabiting dry areas,

Table 4 Phylogenetically independent contrasts. Values below the diagonal are Pearson correlation coefficients, values above the diagonal are the
corresponding P-values. Correlation coefficients with a P-value < 0.05 are marked in bold. P-values above 0.05 are in grey. Correlation coefficients
that result from correlation of non-independent variables are in brackets. All non-ratio and non-angle values were logo-transformed.

Pearson correlation 1 2 3 4 5 6 7 8 9 10 11 12 13

coefficients

1 Mean Von Mises stress <le-4 0.158 0.123 0.001 <le-4 0.014 <le-4 <le-4 <le-4 0.280 0.557 0.072
2 Strain energy (0.96) 0.542 0472 <1e-3 <le-4 0.010 <le-4 <le-4 <le-4 0.126 0.719 0.056
3 Absolute prosoma length  0.35 0.15 <le-4 0.806 0.946 0.520 0.708 0.696 0.913 0.429 0.985 0.502
4 Absolute chela length 0.38 0.18 0.92 0.482 0.759 0.718 0.707 0.599 0.909 0.162 0.556 0.300
5 Standardized width -0.71 -0.74 -0.06 -0.18 <le-4 0.339 <1e-3 0.001 0.003 0.167 0.792 0.568
6 Standardized height -0.84 -0.91 0.02 -0.08 0.85 0.096 <le-3 <le-4 <le-4 0.044 0.807 0.200
7 Standardized out-lever 0.57 0.59 0.16 0.09 -024 -04 0.020 0.001 <1e-3 0.122 0.094 0.005
length
8 Aspect ratio chela 0.81 0.89 0.1 0.1 (-0.78) (-0.84) 0.54 <le-4 <le-4 0.162 0.486 0.173
9 Mechanical advantage 0.9 094 0.1 0.13 -0.71 -0.87 (0.72) 0.89 <1le-3 0.099 0.442 0.027
10 Ratio finger length/ 0.83 092 -0.03 -0.03 -0.67 -0.84 (0.75) 0.86 (0.94) 0.039 0.186 0.003
distance LJ-MJ
11 Curvature of 0.27 0.37 -0.2 -034 -0.34 -0.48 0.38 0.34 0.4 0.49 0.856 0.411
movable finger
12 Angle in-lever/out-lever -0.15 -0.09 0 0.15 0.07 -0.06 -0.41 -0.18 -0.19 -0.33 -0.05 <le-3
13 Angle out-lever/axis 0.43 046 -0.17 -0.26 -0.14 -0.32 0.63 0.34 0.52 (0.66) 0.21 -0.74
of rotation
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The high chelae allow the muscle fibers to be much longer,
and longer muscle fibers contract over a longer distance
than shorter ones per unit of time, which may hypo-
thetically partly offset the reduction in closing speed caused
by the mechanical advantage of the lever system. The scor-
pions in cluster b1 are mostly fossorial species which use
their strong chelae for burrowing in hard soil. The scorpions
of cluster b2 do not need their relatively strong chelae to
dig, but it has been suggested that some members of this
clade are durophagous. In particular, Hadogenes has been
known to prey upon hard-shelled prey such as millipedes
and even snails (Newlands, 1978).

The mean Von Mises stress is significantly lower in the more
robust chelae morphologies of cluster b. This indicates that
under maximal defensive loadings, these chelae are less likely
to fail than those of cluster a. The same pattern can be seen for
the strain energy, indicating that these chela shapes also
deformless. Thesize-corrected FEA analysisallowsthe compar-
ison of the effect of shape alone on chela performance. Some
of the more extreme chela shapes differ greatly in perfor-
mance; the bending energy in Leiurus is nearly 100 times
higher than that in Scorpio, and the mean stress more
than 10 times higher. These differences can be attributed
to shape alone, making chela shape a very important fac-
tor in the performance of the chela. To make models com-
parable and isolate the effect of shape, the material
characteristics (Young's module and Poisson’s ratio) of the
cuticula were set to be the same in all species. This
assumption may well be idealistic, as even within a single
specimen, cuticula hardness is known to vary widely (Scho-
field, 2001). Due to application of the total load in several
point loads, local stress may have become artificially high.
This consideration necessitated our disregarding maximum
Von Mises stress as a performance variable.

The lack of a robust molecular phylogenetic hypothesis
for the high-level relationships between scorpions makes it
hard to make any statements about the independent evolu-
tion of ecomorphotypes. It is well known that chela shape
can vary widely within scorpion families, such as the Buthi-
dae and Vaejovidae (Stockmann & Ythier, 2010). Also in our
clustering analysis, members of the same family (luridae)
were present in different clusters. This suggests chela shape
may well be a homoplastic character. Since changes in the
overall shape of the chela may change the relative position
of taxonomic characters (Prendini, 2000), systematists using
morphological characters of the chela, such as the relative
positions of the trichobothria, may need to test for the
independence of their characters from the overall chela
shape parameters which correlate highest with perfor-
mance, such as height, width, and relative finger length.
As only relatively fast-evolving mitochondrial genes were
used to infer branch lengths, the branch lengths used to
calculate the phylogenetically independent contrasts may
cause an underestimation of the rate of evolution in the
basal part of the tree. However, the PIC method analysis
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has been shown to be a robust method in relation to
branch length distributions (Diaz-Uriarte & Garland, 1996;
Ackerly, 2000).

Concluding remarks

Our work presents the first mechanical models for the com-
putational assessment of performance of the scorpion che-
lae, and allows chela shape types to be used as an
approximation for performance. Despite the limited num-
ber of taxa included, our results clearly show that more
elongate chelae experience higher stresses and deforma-
tions compared with more robust chelae. This makes these
chelae less suitable for tasks that require the chela to per-
form near its maximum, such as defense, subduing of hard
prey, and burrowing. This may be why scorpions with slen-
der chelae use their sting more in the incapacitation of prey
(Stahnke, 1966; McCormick & Polis, 1990).
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